Reported here is a study of the tribological degradation of the contact interface of a fluorocarbon monolayer-coated polycrystalline silicon microdevice. A surface micromachined silicon tribometer is employed to track changes in the adhesion and friction properties during repetitive normal and sliding contacts. Evidence for tribological degradation commences immediately for parallel sliding contact motion, and is slightly delayed in the case of repetitive impact loading normal to the surface. The observed changes in interfacial behavior indicate dramatic changes in the chemical ͑i.e., surface energy͒ and physical ͑i.e., roughness, real contact area, etc.͒ nature of the contacting surfaces. Results from microscale sliding and impact experiments are interpreted in the light of the primary physical and chemical degradation mechanisms of monolayer-coated silicon microdevices.
I. INTRODUCTION
Microelectromechanical systems ͑MEMS͒ represent an emerging technology that relies on the microfabrication of small-scale mechanical components ͑gears, latches, mirrors, etc.͒ and the integration of those components with on-board actuators. From microgears to radio frequency microswitches, some of the most exciting, but unrealized applications of mechanical micromachined devices involve surfaces in sliding or impact contact. In addition, material processing constraints frequently result in the fabrication of mechanical contacts between similar materials with high surface energies. These characteristics, combined with high surface area to volume ratios, make MEMS devices highly susceptible to the detrimental effects of surface forces including liquid capillary and van der Waals forces. Therefore, the tribological forces of adhesion and friction at this scale become comparable to, or even larger, than forces arising from gravity, inertia, or on-chip actuators. [1] [2] [3] [4] One of the most common methods to mitigate the detrimental effects of these relatively high tribological forces is the application of monolayer coatings. The application of self-assembled or vapor deposited monolayers has become routine for reduction in tribological forces, and a number of surface treatments have met with varying degrees of success for alleviation of MEMS contact issues. However, the wear attributes and durability of surfaces in sliding or intermittent contact remains problematic, and physical and chemical degradation mechanisms at the contact interface can significantly reduce the effectiveness of such coatings. [5] [6] [7] Tribological issues have thus emerged as the limiting factors in the development and commercialization of a wide variety of MEMS devices, with surface treatments being the weakest link in overall system reliability and performance.
The current research focuses on the chemical and mechanical durability of the contact interface of a microdevice coated with a chemisorbed monolayer ͓FOTAS, tridecafluorotris͑dimethylamino͒silane,
Repetitive contact is investigated using a MEMS diagnostic structure designed to quantify normal and lateral forces. Degradation is examined in both normal ͑no gross sliding͒ and sliding repetitive contacts on MEMS sidewall surfaces. Both types of contacts are of importance for understanding and extending device lifetimes for systems that involve mechanical contact.
II. EXPERIMENTAL

A. MEMS tribometer fabrication and monolayer treatment
The device used in these experiments is a compact MEMS sidewall tribometer modified from the design by Timpe and Komvopolous 8 and fabricated at Sandia National Laboratories. Figure 1 shows a scanning electron micrograph ͑SEM͒ of the overall device and a high magnification image of the contacting surfaces. The MEMS tribometer allows for the evaluation of a wide range of surface treatments and contact conditions and is consist of two perpendicularly driven shuttles whose motions are controlled using electrostatic comb drive actuators. One shuttle ͑referred to as the loading shuttle and driven by the load and unload actuators͒ is used to move a curved protrusion ͑50 m radius͒ normal to the sidewall contact interface, while the other shuttle ͑re-ferred to as the main shuttle and driven by the push and pull actuators͒ produces motions parallel to the sidewall contact interface. Adhesion data are obtained by determining the critical force to separate the contacting shuttles. Dynamic friction data for lateral motion are obtained by comparing the amplitude of the oscillating main shuttle while the loading shuttle is in contact to that when it is out of contact. Tribo-logical degradation can be evaluated in terms of the device lifetimes and changes in friction coefficient and force of adhesion.
The devices are fabricated using Sandia National Laboratories' SUMMiT V surface micromachining technology 9 and are constructed from layers of polycrystalline silicon separated by layers of silicon dioxide. Each layer can be patterned and etched, allowing complex structures to be fabricated. After fabrication, the sacrificial oxide is removed using an aqueous HF etch. The die are then rinsed in de-ionized water and transferred to methanol. The methanol is supercritically extracted in CO 2 to avoid collapse of the structures due to capillary forces. The devices are then transferred to a vacuum chamber where they are plasma-cleaned and oxidized in situ prior to monolayer deposition.
Monolayer deposition consists of exposing the cleaned die to a low pressure of amino-functionalized silanes. The molecules react with surface hydroxyl groups to form a hydrophobic film, as illustrated schematically in Fig. 2 . This process results in a water contact angle by sessile drop of approximately 110°. A complete description of the monolayer treatment process can be found elsewhere. 10 Time-offlight secondary ion mass spectrometry indicates that this coating process results in a surface coverage of approximately 2.5ϫ 10 14 molecules/ cm 2 . 11 Of the available chemistries for chemisorbed organic molecules on silicon, the linkage via Si-O bonds in FOTAS represents the strongest possible attachment chemistry ͑Si-O = 799.6Ϯ 13.4 kJ/ mol͒. 12 Furthermore, FOTAS has three available bond sites on the head group available for reaction with surface hydroxyl bonds or cross-linking within the layer, further strengthening the attachment of the molecule to the surface.
B. MEMS operation and setup
The two shuttles are driven by perpendicular sets of electrostatic comb drive actuators. 13 The force output of the comb drives is calculated using a parallel plate approximation and is given by the equation
where ␣ is a constant determined by the particular actuator geometry ͑=1.114ϫ 10 −9 N / V 2 for the main shuttle actuators and 2.228ϫ 10 −9 N / V 2 for the loading shuttle actuators͒ and V is the voltage applied between the fixed and movable comb fingers.
The shuttles are suspended off the substrate using conventional folded flexure suspension systems. The mechanical restoring force generated by these suspension beams is given by
where k is the suspension stiffness ͑=0.119 35 N / m for the main shuttle and 0.2287 N/m for the loading shuttle͒ and d is the displacement from equilibrium. The external normal force is dictated by a force balance between the mechanical restoring force in the suspension system of the loading shuttle and the electrostatic forces generated by the load and unload actuators,
where ␣ L is the proportionality constant of the loading shuttle, V L and V U are the voltages applied to the load and unload actuators, respectively, k L is the suspension stiffness of the loading shuttle, and x C is the displacement at contact. The lateral, or friction force, is determined from a balance between the electrostatic force generated by the push and pull actuators of the main shuttle and the restoring force of the suspension springs
where ␣ M is the proportionality constant of the main shuttle, V push max and V pull min are the maximum push drive voltage and the minimum pull drive voltage voltages, k M is the suspension stiffness of the main shuttle, and y max is the maximum main shuttle displacement.
The voltage supplied to produce lateral motion causes an electric field imbalance in the vertical direction that results in a lifting or "levitation force" that causes the shuttle height to vary with lateral shuttle distance.
14 This undesirable effect can be significantly reduced through the use of tailored waveforms applied to the actuators. 15 Two programmable arbitrary waveform generators ͑Pragmatic Instruments model 2414A͒ and two dc power supplies were used here to reduce the effects of levitation on contact height variation.
The device was operated in a custom-made environmental chamber of UHV compatible components containing a viewport, so that the device motion could be recorded during operation in a controlled environment. Before testing, the experimental chamber was connected to a constant dry nitrogen flow at ϳ0.5 l / min and purged until a concentration of less than 20 ppmv O 2 and less than 150 ppmv H 2 O was achieved.
C. Normal cyclic contact
To quantitatively measure the tribological degradation arising from normal impact contact, the force required to separate the contacting surfaces ͑i.e., the adhesion force͒ was measured as a function of normal loading cycles. In order to measure the adhesion force, the main shuttle was levitated to a desired height by applying equal dc voltages to the push and pull actuators. The waveform shown in Fig. 3 was then applied to the load and unload actuators of the loading shuttle at a frequency of 1 Hz. This waveform was designed to reduce the vertical motion associated with bringing the surfaces into contact. The maximum load reached was 750 nN. Images were acquired throughout the entire waveform at 50 frames/s and the adhesion force was dictated by the instant at which the two shuttles separated. At this instability point, the adhesion force is calculated through a force balance between the electrostatic forces in the load and unload actuators and the mechanical restoring force in the suspension system,
where the superscript of the voltage values indicate that the measurements are taken at the instant of surface separation. During testing, each adhesion measurement was repeated ten times for statistical analysis. At the start of the test, an initial adhesive force measurement was made to quantify the initial tribological behavior. The loading shuttle was then oscillated in and out of the normal contact at 100 Hz with a maximum applied load of 750 nN and a contact velocity of approximately 2 mm/s. This corresponds to a kinetic energy of 1.46ϫ 10 −15 J. With an estimated contact area of 7.4ϫ 10 −14 m 2 ͑assuming Hertzian contact of a smooth cylinder on a flat͒, 16 the work done per unit area for one cycle is approximately 2.01ϫ 10 −2 J / m 2 . The normal cyclic contact at 100 Hz was stopped periodically and the low frequency adhesion force measurement was repeated to monitor changes in the tribological behavior of the contact interface. It should be noted that the reactive ion etch process leaves the polycrystalline silicon surfaces with vertical etch striations. Figure 4 shows a 2 ϫ 8 m AFM image of a typical polycrystalline sidewall surface created in the SUMMiT V process. A line scan across the entire 8 m width gives a rms roughness of 11 nm and a striation period of approximately 100 nm. However, rms roughness measurements are length dependent and the roughness for the sidewall contacts has been reported elsewhere to be as high as 20 nm. 17 Therefore, as the shuttles come into contact during the normal impact experiments, there may be a slight translation of 0-25 nm as the surfaces slip into registry. In addition, due to the inefficiencies in the levitation compensation waveform, there is a residual vertical motion and therefore possible vertical slip of the contact of up to 50 nm.
D. Sliding cyclic contact
To probe tribological degradation in sliding contact, the amplitude of shuttle oscillation was measured as a function of cycle number for a constant load of 750 nN. Before testing, an initial adhesion measurement was recorded using the method described in Sec. II B. The push and pull actuators of the main shuttle were then connected to the arbitrary waveform generators, and a levitation-compensated waveform was applied to yield a noncontact oscillation amplitude of approximately 18 m. Figure 5 shows the applied waveform and the corresponding free oscillation profile as a function of waveform percent. Images were acquired at 28% and 78% of the waveform, where the maximum lateral displace- ment from equilibrium is reached and the shuttle is momentarily stationary. The amplitude of oscillation is then determined as the difference in lateral position between these two end points.
For sliding contact measurements, the load and unload combs were controlled by separate dc power supplies. Before being brought into contact, the loading shuttle was elevated to the same height as that of the shuttle by applying equivalent voltages to the load/unload combs. The main shuttle was then oscillated at a frequency of 20 Hz and a baseline measurement of the oscillation amplitude without contact was taken for 5 min. Once the baseline was established, the post was brought into contact and the load is increased over the course of approximately 10 s. The amplitude was then monitored as a function of oscillating cycles throughout the test until device failure, as defined by a cessation of motion. The dynamic friction coefficient was calculated using the method described by Srinivasin et al., 18 where the change in driven oscillator amplitude is linearly related to the coefficient of kinetic friction. After failure the contact was separated and the load was reapplied to verify that a reproducible failure had occurred. A final adhesion measurement was then taken. Figure 6 shows sequences of adhesion force versus normal loading cycles for two different devices ͑referred to as device 1 and device 2͒. The data points represent the average of ten measurements and the error bars represent one standard deviation above and below the corresponding average. Results indicate that there are three primary stages of degradation. The first stage can be referred to as the "run-in period" and displays a relatively stable tribological behavior. For device 1, this run-in period occurred during the first 70 000 impact cycles. For device 2, the run-in period was unobservably small. Differences in run-in time between the two devices can be attributed to variations from device to device in surface roughness, monolayer coverage, and surface contamination by water. After the run-in period, the contact interfaces underwent a rapid degradation in tribological properties over the course of 50 000-100 000 cycles. During the final stage of tribological degradation, relatively less change was observed in the measured adhesion force and the experiments were halted. Another significant observation which can be drawn from Fig. 6 is the increase in the standard deviation with tribological degradation of the contact interface. This suggests a heterogeneous physical and chemical degradation, which is consistent with the nonuniform pressures and real contact variability in sidewall MEMS contacts.
III. RESULTS AND DISCUSSION
A. Normal contact
The observed changes in the tribological behavior can be attributed to various physical and chemical degradation mechanisms. Physical degradation mechanisms such as the generation of wear debris ͑i.e., fracture of surface asperities͒ and roughness reductions ͑i.e., deformation of surface asperities͒ could contribute to the changes in properties through reduction in the relative surface separation and increase in the real contact area. At the conclusion of testing, high resolution SEM images of the contact area of device 1 ͑Fig. 7͒ showed no visible wear particle accumulation or visible change in surface topography. However, the presence of wear debris or surface roughness changes below 50 nm is difficult to detect with SEM. Furthermore, the presence of sidewall striations would require sidewall imaging before and after wear to conclusively detect surface topographic changes in this size. Therefore, changes of this order or smaller cannot be detected nondestructively on sidewall surfaces. It is then necessary to state that the effects of physical degradation mechanisms cannot be discounted and changes in adhesion of a device without a monolayer coating have previously been reported with no SEM observable surface changes. 19 In addition to the physical mechanisms that changed the roughness and surface debris at the contact interface, chemical degradation mechanisms can also contribute to the measured changes in the adhesion force. This is of particular relevance given the fact that the tested microdevices are coated with the hydrophobic, low surface energy FOTAS monolayer. When this monolayer is removed at local contact points during impact loading, the hydrophilic, high surface energy SiO 2 layer underneath will be exposed, thereby increasing the measured adhesion force. The reasonableness of monolayer removal can be examined through a simple energetic comparison. If the number of siloxane bonds per unit area on the surface is examined, having a bond energy of 799.6Ϯ 13.4 kJ/ mol, 12 a surface density of 2.5 ϫ 10 14 molecules/ cm 2 , 11 and assuming two siloxane bonds per molecule, the energy per unit area required to sever all of the bonds is 3.5 J / m 2 . The simple calculation in Sec. II B yielded a value of 2.0ϫ 10 −2 J / m 2 for the work done per unit area under the normal impact loading conditions. However, a closer look at the real area of contact using the Greenwood-Williamson model, 20 approximating the surface asperities as uniform spheres with a rms roughness minimum of 11 nm and a maximum of 20 nm gives a real contact area between 5.95ϫ 10 −17 and 4.73ϫ 10 −17 m 2 , respectively. If this real area of contact is used to estimate the energy imparted to the surface in normal contact, the energy per unit area increases to a range of 24.5-30.6 J / m 2 . Therefore, the current impact loading is easily severe enough to remove the chemisorbed FOTAS molecules within the real contact area.
B. Sliding contact
A sequence of oscillation amplitude versus cycles for an external contact load of 750 nN is shown in Fig. 8 . The free oscillation amplitude for the current waveform is equal to 18Ϯ 0.2 m. As the contact force is ramped up, there is a drop in oscillation amplitude of approximately 7 m. This corresponds to a kinetic friction coefficient of 0.43. This is significantly higher than static friction coefficients reported for other similar surface treatments and appears to be closer to that of SiO 2 contacts. 18 The relatively high dynamic friction coefficient can be attributed to tribological degradation that occurs between successive displacement amplitude measurements. As can be seen by the subsequent amplitude measurements, in which the average amplitude of oscillation quickly decreases to zero over the course of 800 cycles, the rate of degradation for this particular test structure is extremely fast. Therefore, significant surface damage during the loading time can be responsible for the high friction measurement. In addition to the tribological degradation rate, the time to failure is also a strong function of the magnitude of the normal load and the inputted driving waveform. Therefore, even in the face of similar tribological degradation, longer lifetimes have been reported for device operating under lighter load and higher driving force conditions. 21, 22 Further evidence of tribological degradation can be seen from changes in the adhesion force. The adhesion force was measured as described in Sec. II B before and after the sliding experiments. The initial average adhesion force was 205 nN and the average postfailure adhesion force was 423 nN.
As in the normal contact experiments, the observed tribological degradation can be attributed to various physical and chemical mechanisms. While SEM images of the test surfaces revealed no observable changes in surface topography or generation of wear debris ͑see Fig. 9͒ , nanoscopic changes in the real contact area and decreases in the relative surface separation could have significant impact on the mea- sured dynamic friction coefficient and the adhesion force. Also, given that the as-fabricated surfaces are coated with a low surface energy monolayer, removal of this monolayer to expose the SiO 2 subsurface could also have a noticeable effect on the measured tribological characteristics. The feasibility of monolayer removal can be checked by comparing the energy required to sever the relevant siloxane bonds ͑ϳ3.5 J / m 2 ͒ with the work of friction per unit area,
where F f is the force of friction, ⌬y is the sliding distance, and A r is the real contact area estimated using the Greenwood-Williamson model. For the initial friction measurement shown in Fig. 8 , this calculation yields a work of friction value of 52.9 J / m 2 , which is more than enough to break all of the silicon-oxygen bonds in the real contact area.
Regardless of the specific degradation mechanism, the monolayer fails to protect the device from degradation in tribological performance. Therefore, MEMS devices whose functionality depends on mechanical contact will require more robust tribological solution such as replenishable surface passivation layers or more strongly bound coatings that resist both physical and chemical surface degradation.
IV. SUMMARY
A surface micromachined tribometer was used to investigate tribological degradation in monolayer-coated polysilicon MEMS sidewall interfaces under sliding and normal contact conditions. Under normal contact conditions, the adhesion force increased by a factor of 2 after degradation compared to the initial as-fabricated surface. Under sliding conditions in dry nitrogen, the degradation began immediately upon contact and caused device motion to cease within a relatively short number of sliding cycles. A twofold increase in adhesion force was also observed. The degradation in the tribological properties can be attributed to physical mechanisms, including fracture and deformation of surface asperities, and to chemical mechanisms such as changes in the surface energy due to the removal of chemisorbed monolayer molecules. A simple estimate of energy input at the interface due to sliding and normal contact suggests that the available mechanical energy greatly exceeds that required to break all of the siloxane bonds between the monolayer and the surface.
